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Abstract — Thousads of cavernshawe beenleached out from saltformations.They are usedfor storinga variety
of fluid prodwctsrangng fromcompeessediir andhydogento LPG, natural gasandcrudeoil, which requiresthat
thecaverrs betight. Themainfactors in the onsetof well leakage andits preventian are discussedfluid pressue
distribution, geolagica ervironment,cementingvorkmanshi@ndwell architectue. TheMont Belvieuaccidentis
describedo illustrate theimportanceof periodiccaverntesting Testmethod are discussedappaent,corrected
andactual leaksare distinguishedFactors cortributing to apparentleaksare describedasare two actud in-situ
teststhat usefuel oil andnitrogenastestfluids. It is proventhata thoroughtestandysisallows goad estimations
of actualleaks.

Latin Letters

A geotlermalgradien, K/m

c baronetric coeficient

g gravity accelerationm?/s

h test-fluid/bme interfacedepth m

H caverndepth,m

K intrinsic permebility of rock salt,m?

kth thermaldiffusivity of rock salt,m?/s

kPvd  hydraulic diffusivity of rock salt, m?/s

m gasmasskg

P gaspressurePa

P, annuar pressuratwell head Pa

P, well-headbrine pressurePa

P, well-headgaspressurePa

P; cavernbrinepressurePa

P nitrogen/brineinterfacepressurePa

P, halmostatigressue, Pa

Py, Dbrineporepressue, Pa

P, tubingpressuratwell head Pa

Py geostatigressurePa

Q nitrogenseepageate,m3/s

Q. fuel-dl leakratefrom theannuar spacem?/s
Qs brineflow ratethrowgh the casingshoecross-sectiorm?/s
Q: brineleakratefrom the centraltubing, m3/s
R cavernradius,m

r gasthermalynanic constantm?/s?/K

S tubingcross-sectiomrea,m?

T absoluteemperatte, K

T, ground-level absolde temperatte, K

thvd  charactdstic time for hydraulic phenanenas
tth charactestic time for thermalpheromenas
Vv cavernvolume,m3

Va leakedfuel volume,m?

Vq gasvolume m?

z depth m



GreekLetters

«a brinethernal-expansioncoeficient, °C~!
B8 caverncompreasibility factor Pa—!
By gascompessibilityfactog Pa—!

Bpore saltporecompessibilityfactof Pa—!
€ cavernbrinevolume-chang rateat corstantpressures —!
Ecreep ~ Creeprate,s—!

él,..p transientcreeprate,s—'

Edis relative volume-chamge ratedueto dissolution s~*

€perm  relative brine seepageatethrough cavernwalls, s=*

é.m relatvetransienbrine-seepgerate,s™'

Etnerm  bDrinethermal exparsionrate,s—!

n fluid dynamic viscosity Pas

0] porcsity of rock salt

p nitrogen density kg/m?

Pb brine density kg/m?

ps fuel-oil density kg/m?3

b annularspacecross-sectiomream?

0, brinetempeatureat theendof leaching,’°C

Or naturalrocktempeatureat caverndepth °C

X ratio betweergasdersity andgaspressurgkg/m?/Pa
INTRODUCTION

Tightnessis afundamentaprereaisite for mary undegroundworkswhereminimum productleakage is required.
Natural gasis storedin depletedreserwirs or aquifess; LPG is storedin unlined galleiies; and various hydro-
carbans, from hydrogenand natual gasto cruce oil, are storedin salt caverns. Nuclearwasteare planred to
be disposedof in deepgeolaical formations. Salt caverrs are also beingconsickredas dispasal sitesfor non-
hazarduswasteqVeil etal., 1997 or tritiated waters(Bérestet al., 1997). Abandmedoil-produdion wells must
be sealed=fficiertly to avoid later circulationof fluids betweerlayersthatwereseparatetby imperviauslayersin
thenaturalcorfiguration

Theaim of tightnesshasno absolutenature but, rather depend uponspecificsensitvity of the ervironmen
andthe econonic context. Radionulidesbecane harmlessaftera certainperiad of time: providedthe processis
slow enowgh, penetation of nuclidesinto the rock massadjacento the disposalgalleriesmay notimpair storage
safety Air, natual gas,butaneand propane are not poisorousfrom the perspetive of undegroundwater pro-
tection: the leakageof suficiently diluted natual gasinto undeground waterhasminar conseqencesfor water
quality. Thiswould notapplyto otherprodicts, suchascruce oil.

Fromthe viewpoint of grourd-surfaceprotedion, the mostsignificantrisk is theaccumulatio of flamablegas
nearthesurface.In this situation gaseshatareheavier thanair (propane gthylene, propylene)aremoredangeous
thannatual gas.

The ecoromic viewpoint deendsbasicallyon the speedof the stockrotation andthe natureof the products
stored.For exanple, whenstoringcompessedair to absorbdaily excesselectricpower, alossof 1% perdaycan
be consickredasreasonale. Whenstoringoil for stratejic reasos, (e.g.,oil which will be usedonly during a
crisis),alossof 1% peryearis amaximumvalue.

In this pager, we will focusonthetightnessof saltcaverrs usedfor storinghydrocabons.The papertis divided
in five parts. Part 1 explains the main factorscortributing to the leakage(fluid pressue distribution, geolagical
ervironmen andwell architectue), andatypicalaccidenis described Thesecondartconcenstightnesdesting;
alist of themainfactorscontiibutingto themisinterpetationof tightnesgestsis provided. In Part 3, thisis applied
tothe“fuel-oil leaktest”andanexampe of averyaccuratén-situtestis describedPart4 proppsesamathematich



theoryfor the “nitrogenleak test” andPart 5 descriesan actualtestaimedat validatirg this testmethodandthe
equatimsdedicedin Part4.

1 FACTORSCONTRIBUTING TO THE PREVENTION OF LEAKA GE
IN SALT CAVERNS

11

Saltcavernsaredeepcavities (from 300m to 2000 m) thatareconnetedto the groundlevel throudh a casedand
cementedvell (seeFiguresl and2). Oneto severd stringsaresetin thewell to allow injection or withdrawal of
fluidsinto or from the cavem.
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Figurel: Vertical cross-sectios of severalsalt-caerns.
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Figure2: Undeground pressuralistribution.

The cavernsare leachedout from salt formations and rangein volume from 5000 to 1,000000m 3. They
provide chemicalplarts with brine or, morecomnonly, provide storageor large quartities of hydrocarbms. Ob-
viously, tightnessis a fundamentalprereqiisite for thesecavities.

From an engireeringperspectie, salt formaions canbe consideed to be practicallyimpemeable.Salt per
meability canbe aslow as K = 10~22 m?; evenin naturalsaltformations contairing a fair amount of insoluble
rocks(antydrite or clay interbediedlayers),averagepermealiities of K = 10 =2° m? or 10~ m? arerepated



(Durup, 1994 Bérestetal., 2001). How low thesefiguresareis provedby a simplecalculation: for a 100,00-m?

caverncontainirg brinewith a pressue 10 MPa largerthanthe naturd brine porepressurea salt perneability of

K = 1072 m? will generate steadystatebrinelossrateof 1 m? peryear(seeSection2.4.3) As will beseen,
evenif small,fluid seepagérom the accessvell is probably muchlargerin mary cases.In muchthe sameway

asfor all pressurevessels|eakages morelikely to occurin the “piping” — i.e., the cemened boreholethroud

which the hydrocartonsflow to andfrom the cavity.

1.2 Main Factorsin the Onsetof Well Leakage

Threefactorscontrituteto the problemof leakagdn wells: pressue distribution, geolaical ervironmen andwell
architectue. Thesefactorsarediscussedbelow.

1.2.1 Pressue Distrib ution

Fluid canonly flow from an areaof high pressurgoward an areaof lower pressure.Figure 2 showns pressure
distribution asa function of depth

Insteadof the pressurat cavernneckdepth,it is corvenientto speakof theassociatedgradent” (or density)
of afluid columm prodicing the samepressuretthe samedepth

e 1. Thegeostatiqpressuré P, gradien 2.2)is the naturalstressxpectedn a sedimentaryormation with a
natual densityof 2200kg/m?®. Occasionallyanomalais stresscanbe encountered especiallyin saltdome
flanks,but22 MPaata 1006 m depthis astandad value. This pressurenustnever beexceededby ary stored
fluid, andtheremustbe a safetymargin; othewise, thereis arisk of fractuing or of drasticpermeability
increase(Durup 199%; Rummeletal.; 1996 Rokahretal., 2000.

2. Thehydrostaticpressurégradent 1) is, in principle,thenatual pressuref groundwaterin waterbeaimg
strataalthowgh this figureis only anaverage value.

3. Thehalmostatiqressue (P,, gradent 1.2)is the pressue in a saturatedrine-filledwell open atgrourd
level.

4. The maximun pressuregbelov which a cement-filledannularspacewill notleaksignificantly (gradient
1.8-2.0)is a site-specifimotion: this pressurenustnot be exceededat the casingshoe wherethe cements
in directconta¢ with the storedprodtct.

5. The pressureof the storedproduct at cavern degh (P;) is equalto the halmostatipressureén caverrs
storingliquid or liquified products. For natual-gasstorag cavems,the maxmum gaspressures dictacted
by theamouwnt of leakagehroughthe cimentfilled anndar spaceasexplained in (4).

1.2.2 Geologcal Formation

If mostof therock formationsthroughwhichthewell crosseg@reimpenious,thesituationis, of course extremely
favourable. Saltdomesarefrequently surmountedby a very permeake zone(calledcaprak), wherebrine easily
circulatesbetweenthe piecesof rock left over from solutionof the top of the salt dome: this situationrequies
specialtreatmen{seethediscussioronthe Mont Belvieucase pelow.)

In contrastsoft-impewious formationscanhave a vety favouralte effect in thatthey natually creepandtend
to tightenarownd thewell, improving the bord betweerthe cemem andthe casing.For exampe, the saltlayersin
whichtheTersane naturd gasfacility is sitedin Frances overlain by 600m of predaninantlyclayey ground. So-
named'CementBondLogs” have revealeda significantimprovemen with the passagef time whichis attributed
to clay creep.



1.2.3 CementingWorkmanship and Well Ar chitecture

Cementingn gasandoil wellsis a “rough andready” operatia, but undergroundstorageengireerswork under
a highe standardhanis typical in ordinary oil-industry operdions. This hasled to mary improvenmentsin the
techniqiesusuallyemployedin oil drilling (e.g.,useof admixtues, re-cemeting, leak tests). The various logs
kept allow the cement-steebr cement-ock quality bondirg to be assesse@ATG Manual, 198; Jorda, 1987
Kelly andFleniken,1999.

Thearchitectue of theborelole is justasimportant, anderrorsareeasietto identify. It is common knowledge
thatoil wells usuallydo not have only a singlecasingcementednto the growund; drilling proceedsin stagesand,
in eachstage,a casingis run andcemeied into thatlevel, with eachcasinghaving a smallerdiameer thanthe
preceihg one. By the time the hole hasreachedts final depth thereare several concerric casingsat the top,
gradwlly decreasingn numbe lower down.

This obviously is bendicial for safetyin a storageervironment. We have seenthatthe positive pressuredif-
ferentialof productsin a well increasesoward the surface. It is equallytrue that, nearthe surface,ary leakage
startingat the junction betweerntwo casinglengtts will be chameledin the cemened anndar spacebetweerthe
inner casingandthe outercasing.A leak canrise up the cementedannula spacebetweerthe two casingsput it
will comeoutatthesurfaceattheholecollar, whereit is easyto detectandtreat.

Thearchitectue of thewell andthenumkberandlengthof steelcasingsaregeneally selectedvith refelenceto
the actualobjectivesof thedrilling operatios. Thesemay beto shoreup the hole throughweakstrataor to pre-
ventcomrmunicationbetweerntwo aquifersat distinctly different pressues. Quite clearly, the objectvesmustalso
includeleakageprevertion, which may requile a morecomgicatedarchitectue to isolatea stratumthatwasnot
troudesomefor thedriller but which might later promoteleakagehrowgh a singledamagd casing.In particula,
thelasttwo cementedatasingsnustbe ancheedin the saltformationor in anoverlaying impemeableformati.
As ThomsandKiddoo (1998) state,"Oncein the poraus sandformations,the gascanreadilymigrate... This has
happenedin US Golf Coastwells ... Thustwo casingstringsarenow ‘cemened’ into the salt” In Texas,Rules
95-97 of the Texas Railroad Commission which is the authoity in chage of oil mattersin the area,malke this
designmardatoryfor wells comgetedlaterthan19%3.

Gazde Francehasoptedfor the mostcompehensie solution by specifying doule-tubingat all gassites,
with a centralstringinsidetheinnercasing(Figure3). Theannudar spacebetweerthemis pluggel at the bottom
andfilled with freshwater Any gasleakfrom the cental stringimmediatelyresultsin a pressuréuild-up in the
annuar spacewhichis easilydetectedat groundlevel. Thedravback of this solutionis thatit slightly redwcesthe
effective diameteiof thehole,aswell astherateat which productscanbewithdrawn. However, it hasavery gred
adwartagein thatleakscanoccuronly atthetip of thecementeaasing.
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Figure3: Waterfilled annularspacen GDF naturalgasstorages.



1.3 Mont Belvieu Accident
1.3.1 The Accident

Theaccidemnoccuredin 1980at Mont Belvieu, Texas,wherea saltdomeis usedby alargenumbe of compares
andwhereseveral dozencavities have beensolution-mned. This site hasthe largeststoragecapady for petro-
chemicalprodictsanywherein the United States.

A dropin pressurevasrecodedon Septembr 17,198Q in oneof the cavities containirg liquefiedpetrdeum
gas.On October3, gas(70%ethane 30% propane)thathadaccumiatedin the foundationof a housein thearea
explodedasa resultof a sparkfrom an electricalappliarce. The cavity in which the pressuréhad droppedwas
thenfilled with brine in the daysthatfollowed gasappeaed haptazardlyaround the area,andappioximately50
familieshadto be evaauated.Holesweredrilled into thewatertablesabove the saltto find andventthe gas.

In the absenceof fully detailedinformation, we make a crediblerecastructionof the acciden basedon a
typical prgpanestorageacility in asaltdone.

1.3.2 Analysis of the Accident

A saltdomeis a gedogical structurein which an originally horizantal bedof salthasrisentowardthe surfaceby
punduring the overlying strata.Whenthe domereachesvaterbeaing layers,thetop maydissolhe, leaving acap
of insolube rock surrourdedby brine.

If thewell casingis leaky (e.g.,at a joint betweentwo lengthsor becase of corrcsion; thewell “at fault” at
Mont Belvieudatedrom 1958, theproductscanescapaowardthecaprak. Leakag is fasteiwhenthereis ahigh
pressurdaifferentialbetweerthe product andthe groundwater The differential may be significantif the caprak
lies muchhigherthanthe storagecavity.

Becausef its low density propanetendsto riseto the surface,eitherthroughthe cementalongthe outsideof
the casingor by dispesingin the overlying grourd. This happes, for exanple, if it findsa sufficiently penious
waterbeang layerjust belov the surface The gascanaccunulatein building foundationsor emepe at streams
andsimilar low-lying ground— or comeup throughfaultsandjoints, daylighing at the surface,severalhunded
metersfrom thewell head.

1.3.3 Regulationsin Texas

TheRailroadCommissiorof Texasrule 74, effective April 1, 198, specifiedcavernintegrity requrementgJohn-
sonandSeni,2001). In 1998 the Commissiordecreedhatfuturewells equigedwith two casingstringscemented
into thesalt(TexasRailroadCommission TAC Title 16 Part1 §3.95and3.97). Integrity testsarediscussedbelow.

A similar— but moreserere— accidenbccuedrecently(Febuary200L) in Hutchirson,Kansas A complete
pictureof this accidentis not yet available. Apparently, a natural-g@sstoragewell becamdeaky, andnatual gas
migratedundergroundto atown 10 km from thewell. Gaseruptedresultingin two deaths.

2 SOME THEORETICAL ASPECTSOF TIGHTNESS TESTING

2.1 Intr oduction

In geneal, whentestinga pressue vessel pressurés built upin thevesseto alevel slightly above the maxinum
operding pressue. Leaksaredetectedhroughvisualinspectionor, more accuratelythrough record of pressure
evolution. A dranmatic pressurdall is a clearsignof poortightness A key questionconcensthe allowablerateof
pressuralecreae;it is usuallyfixed accoding to expeiienceratherthanthrough a morescientificundestanding
of themechaismsof pressuralecrase.



Selectingoohighatestpressurés notrecomnendedevenif suchachoiceprovidesbetterconfidertein vessel
tightness For exanple, whenstoringnatual gasin anundergroundfacility, themaximum operding pressuetends
to becloseto the geostatiqressurewhich is the maxmum concevablefluid pressurén anunlined uncerground
openng. In this case pnly asmallmamin is left for selectingatestpressureWhenavessels decanpressedfter
testing,the pressuralecreaseateis alsoa matterof conern. This ratecanbe high, especiallywhena stiff test
fluid is used;however, too fasta pressureeleasanducedarge tensilestressesindporepressurgradents,which
canbedamagng to therock formationor cementedvells. A moderatepost-tespressurelecreaseateis gererally
recommanded

Whenavailableat a reasonableost, a stiff, nonexplosive andnonypolluting testfluid is prefered sothatthe
conseqencesof a leak during testingarebenign In addition,whena stiff fluid is used,a small leak causes
significantandeasilydetectale decrasein the pressue rate,providing a high sensitvity for thetestsystem.The
compessibility factorof a brinefilled salt cavernis appoximately3 = 4 x 10 ~* MPa~! (Bérestet al., 1999
seealso2.6.2); in a 100000-n? closedcavern,a 1-m? fluid leak leadsto a pressuredrop of 2.5 x 10~2 MPa,
whichis aneasilydetectale figure Corversely accuatetestingof a saltcavernfilled with naturalgasis almost
impossible. If the gaspressurds, say P = 20 MPa, the compessibility of a gas-filledcavernis in the range
B, =1/P =5x 1072 MPa !, a figure which is too high to allow ary accurateflow measurmentof a leak.
Testingashallover, unlined gallerywith air asthetestfluid is easierasthegalleryis moreaccessibléo measung
devicesandits volumeis smaller(Lindblometal., 1977).

A slightly differenttestprocedures possiblan deepsaltcavems. Thecavernplus-wellsystenis similarto the
ball-plus-tubesystemusedin a standardhermoneteror baroneter: compaedto a hugecavity, the well appeas
asa vely thin capillary andtrackingdisplacerentsof a fluid-fluid interfacein the well allows high sensitvity
to cavernfluid volume chargesto be obtained When measuing interfacedisplacemast, an accuacgy of 6h =
15 cm for a 204iter per meterwell crosssectionis easilyachiered, which meansthat brine movementof @ , =
3 x 10~2 m? is detectale, eventhouwgh the cavernvolume canbe V' = 100000m3.

2.2 TightnessTestsin Salt caverns

A Mechanicalintegry Test(MIT) is usedto testcaverntightness. Two typesof the MIT arecurrerily used;these
aredescribedelov (seeFigure4.)

¢ TheNitrogenLeakTest(NLT) consistof loweringanitrogencolumm in theanndar spacebelown thelastce-
mentel casing.Thecentralstringis filled with bring andalogdng tool is usedio measure¢hebrine/ritrogen
interfacelocation Two or threemeasuremas, generallyseparatetby 24 hours,areperformed;anupward
movementof theinterfaceis deemedo indicateanitrogenleak. Pressurearemeasuedat ground level, and
tempeaturelogsareperfamedto allow precisecalculationof nitrogenseepage.

e TheFuel-Oil Leak Test(FLT) is more popular in Eurgethanin the U.S. It consistsof loweringa fuel-al
(insteadof nitrogen, asfor the NLT) columnin the anndar space.During the test, attentionis paidto the
evolution of the brine andfuel-al pressuresis measurd at the well head A severepressue-droprateis
a clearsign of poa tightness.In addition the fuel-oil is withdrawvn after the testandweighed allowing
compmrisonwith theweightof theinjectedfuel-oil volume.

The FLT is geneally usedbefore the cavernis leachedout; the NLT is usedfor full-size cavem testing. In
the following, the accurag and meaningof thesetwo testsare discussediwo in-situ experimentsto validate
mechaircal-integrity testmethals arediscussedandmaodificatiors to enhancdoetterinterpretationaresuggested.

There is relatively alundantavailableliterature. Van Fossan(1983) and Van FossarandWhelpy (1985) dis-
cussboththelegd andtechnich aspectf cavernwell testingandstronglysuppot the NLT; they point out the
significanceof the Minimum Detectabld_eakRate(MDLR) or theaccuray of thetestmetha. In his 1987pape,
Heitmanpresentsa setof casehistoriesthatillustrate several difficulties encounteredwhentestingreal caverrs.
Vrakas(1988) discussethe cavem-integrity progamfollowedby theU.S. Stratejic Petrolem Resere. Diamord
(198) andDiamondet al. (1993 proposethe “waterbrine interfacemethod’, in which soft wateris injectedin
thewell; any upwarddisplacemenof thewaterbrine interfaceresultsin a pressue dropatthewell head whichis



RN e ees |

Figure4: Nitrogen(left) versusiFuel-Qil (right) Leak Tests.(In theformer, the nitrogerbrineinterfaceis tracked
throughaloggingtool. In thelatter, tubing andannuar pressurearecortinuouslyrecodedatthewell headduring
thetest.)

compredto the pressurevolution in areferancebrinefilled well. Brasier(1990) propaesa similar method In
thefollowing, we proposea brine-fuel oil interfacemethodthatis basedon the sameidea. Thiel (193) suggests
precisionmethals for caliperingthe interface locationareacross-sectionan essentialssuefor nitrogen-methd
accurag. The SolutionMining Researchnstitute(SMRI), anassociatiorof compaies andconsultantsnvolved
with saltcavems,haspromdedresearchn the MIT field, including aremarkablework by Crotogiro (1995), who
proposesstandardgor the MDLR andMALR (maxinum allowableleakrate.) In 1998, the SMRI organizeda
technicalclassdedicatedo Mecharcal Integrity Testingof Brine Prodution and Storag Cavernsto provide a
compehensie assessmerf the state-ofthe-art.

2.3 Tracking the Actual Leak: Apparent, Correctedand Actual Leaks

Testingthe tightness of an undeground storagefacility involves recordng the decreasef well-headpressure
and/a tracking a fluid/fluid interfacein the well. The pressure-élcreaseate or interfacevelocity canthenbe

convertedinto a “fluid leakrate” through simplecalculatiors. In fact, several different mectanismsof which the

actualleakis only one,combire to producea fluid-pressuredecraseor aninterface displacenent. Thesemech-

anismsmustbeidentifiedandquantifiedin eachcase.They include fluid leaksaswell asrock-masscreep heat
transfer brine thermalynamcal equilibfium displacemen etc.

Onemustdistinguishbetween (1) the “appaent” leak, bluntly deduce from the obseved pressue decreae
or interfacedisplacemety (2) the “corrected” leak, obtainedwhentaking into accoum well-knovn and easily
quarifiable mechamsmscontritbuting to theapparat leak (for exanple,changsin fluid temperatres);and(3) the
“actual” leak,which, in somecasescandiffer greatlyfrom theappaentleak (andevenfrom the correctedeak).

2.4 PhenomenaExisting Prior to Testing

In mostcasesfor all practicalpurpces . a steelpressue vesselcanbeassumedo bein anequilibium statebefore
a pressurebuild-up testis perfamed. The samecanna be said of anuncergroundcavem. A few exanpleswill
illustratethis statement.

Equlibrium is expectedo have beenreachedvhenboththe carem andthewell arefilled with saturatedrine
andthe well headhasbeenopento the atmosierefor several weeks. In fact, comnon experienceprovesthat,



evenseveral yearsafterleachinghasbeencompeted,an opered cavernexpelsa significantflow of brine,from a
few litersto severd cubicmetersperday|[see,for example Hugou (1983) or Brouad (1998)]. This brine outflow
canbeattributedto two mainmecharsms: caverncreepandbrine warming

Lateron, we adoy thefollowing corvention ary physical phenanenonassteady-statereep therma expan-
sion (resp. brine permeatio, additioral dissolution transientcreepfollowing a rapid pressurebuild-up) leading
to apressuréouild-up (resp.pressuralecreae)in a closedcavernwill be describé by a positive (resp negative)
relative volumecharmgerate(resp.e > 0 oré < 0).

2.4.1 Cavern Creep

First, mectanical equilibrium is not reache at cavern depthin a cavity opered to the atmosplere. Rock salt
behaes asafluid — i.e., it flows evenunder small deviatoric stressesgreeprateis a highly nortlinear function
of appliedstressandtempeature. For a salt cavem, theserhedogical propeaties induce a slow peremial loss of
cavernvolume,ultimatelyleadingto compldée cavernclosure.In anopenedcavern brine pressur€P ;) at cavern
depth(H) resultsfrom theweightof the brinecolumnin thewell (Figure2):

P, (MPa) = 0.012H (m) 1)

(This pressurenasbeentermed“halmostatic”.) whereasgeostaticpressurg P,) resultsfrom the weight of the
overlying grourd (Figure2):

P.. (MPa) = 0.022H (m) )

Forexamge, in a10080m deepcavern,the P, — P; differenceis 10 MPa; this differenceis thedriving force for
saltcreepandcavem shrinkage. At sucha depth steadystatevolumelossrate (¢ creep> 0) of acavem is of the
orderof Ecreep= 3 x 10—* peryear (In otherwords,theannual lossof volumeis 30m? peryearin a100,@0-m?
opered cavern) Higherstresseandtempeaturein a deegr cavernwill leadto avolume lossrateof the orderof
Ecreep= 3 X 10~2 peryearat a depthof 2000m. [Thesefiguresareindicative andcanvary, to a large extent,
from onesite to another seeBrouad and Bérest(1998).] However, when perfaming a leak test, a significan
increasan cavernpressures implied, followed by a rediction of the P, — P; differencethe steady-statereep
rateduring thetest(transiencreepwill bedealtlater)will be muchsmallerthanwhenthecavernwasopered. The
samecannotbe saidof brinethermalexpansionwhichis notinfluencedoy cavernpressure

2.4.2 Brine Warming

The naturl temper#ure of rock increasesvith degh; typically, 8 g = 45°C at a depthof 1000m. Soft waterin-
jectedin the cavernduringtheleachingphaeis punpedout from shallov aquifers;its temperatte canbe 12—-15
°C.Brinewarmsupin thecavern,but, becaus¢hewithdrawal flow rateis relatively high (100 m3/hour), brinedoes
not have enowgh time to reachthermalequilibium with therock massduringtheleachirg phase Whenleachirg-
outis completel, asubstantialemperatte gap,d g —0,, is still presenbetweertherockmassandthecavernbrine.

Whenthecavernremairsidle, thebrinewarmsup slowly; its tempeatureis roughly homaeneos throughou
the cavern asit is stirredby naturalcorvection Heattransferthenis governedby thermalconduction from the
rock massto the cavern. Let V' be the volume of the cavem, whoseshapeis assumedo be roughly spheric
then,the characteistic time afterwhich, say 75%of theinitial temperéuregapis resorbegis t th = V2/3 /(4kth),
wherekt" is rock therma diffusivity (k" = 100m?/year) For a cavernwith V = 8000 m?, #** = 1 year Brine
warmsconsiderhly slowerin alargecavern— for examge, t* = 16 yearswhenV = 500000m?. Brine warming
leadsto thermalexpansion;theaverag brinetherma-exparsionrateis € ;4erm = 0.75 a (0g —8,) /tt" > 0, where
a = 4.4 x 10~*°C™ ! is the brine thermalexparsion coeficiert, andd  — 6, ~ 30°C is theinitial temperéure
gap or &iperm = 1072 peryearin an8000m? cavem. (¢perm = 0.6 x 1073 peryearin a500000m? cavern)
Thesefiguresaremerelyindicative; moreprecisepredictims canbereachedhrough numeical computation.
Steady-statereepandthernmal expansionresultin pressureouild-up in a closedcavern,and,assuch,canpartly
conceha casingleak. Brine transpot to therock masshasthe oppaite effect.
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2.4.3 Salt Permeability

As statedabove, the intrinsic permeability of saltis exceedngly low, K = 10722 m? to K = 10~'? m2. Durup
(199%) perfomedpermeablity testsin awell atthe Etrezsite andprovedthatthe Dargy law holdsandthat pore
pressurén this formationis closeto halmastaticpressue — no brineflow takesplacewhenthecavernis opered.
During a tightnesstest, brine pressurés significantly larger than pore pressureresultingin a brine leak to the
formation. In asphericaktavernof radiusR, the steady-stateelative lossof volume is

. 3K(P;— P,
Eperm = _w <0 (3)

wheren = 1.2 x 103 Pasis theviscosityof brine, P; is thecavernbrine pressue, and P, is theporepressure.
If we assumefor example,P; — P, = 10MPaandR = 30m (V = 100,000 m?), thené ¢, = —10~5 peryear
whenK = 10720 m2,

2.4.4 Well Temperature

If thewell diameteiis relatively small(afew decimeters)thethermalequilibrium betweertherock massandwell
fluid is reacted muchfasterthanin the cavernitself. However,if the well hasbeenactive just before thetest(i.e.,
largeamouwnts of fluids have circulatedin thewell for a periodlastingsereralweeksor montts before thetest),the
rocktemperatte in thevicinity of thewell canbe significantlydifferert from the naturé geothemal temperatte.
Whenthewell is keptidle, the natual temperatte will slowly be restoredbut this processcanbelong andwill
leadto significantevolutions of well-fluid tempeatureuntil therma equilibrium is reacted.

2.5 Transient Phenomenarlriggered by the Test

Severalpre-«isting phenanena(e.g, cavernsteady-statereepandbrinethermalexpansion)leadto cavem pres-
surebuild-up, conealingactualleaksandmakirg the apparehleak smallerthanthe actualleak. Corversely, the
rapidpressurduild-up perfamedat thebeginning of atightnesgesttriggeis transienphenanenawhich, accod-
ing to the Le Chatelierprinciple, tendto restorethe pre-eisting pressureandmalke the apparehleak largerthan
theactualleak. Threesuchphenanenaaredescribedelow.

2.5.1 TransientCreep

Pressuréuild-up at the beginning of the testredwesthe differencebetweenthe overburden pressurg P ) and
the cavity pressue (P;), ultimately leadingto a smallersteady-stat&olume creeplossrate. However, during a
transientperiod (typically, 2 weekslong), the cavity respond to the pressurebuild-up by increasingthe cavern
volume(éireep < 0). Thispheromena is obseredin thelaboratey duringuniaxialmulti-stepcreeptestsandis

referedto as“inversecreep”(VanSambeek]1993 Hunsche1991 Munsonetal., 1996 Charpetier etal.,1999.
Theeffectsof transientinversecreepin a cavernhave beendescribedy Hugaut (1988 (SeeFigureb.)

In this paragaph,the origin of time is the day whencavernleachingis compgeted. Fromday 93 to day 254,
the anndar spaces filled with fuel oil with a densityof p; = 850 kg m~3, which resultsin low cavity pressure
andlargecavem creeprate. At day254 thecavernis shutin, andbrineis pouredin thecentraltubing resultingin
a highercavity pressureand eventially, in a smallersteady-statereeprate. However, for severaldays, transiem
inversecreepresultsin anincreasen cavernvolume. After appraimately12 days(Remizw etal. (2000) obsered
ashortertransientperiodduringanin-situ test.),this transienteffed varishes,theaccumiatedappaentincrease
of cavity volumeis ¢ + e4iss = Several — 104, andalower steady-stateaverncreeprateis obsered. (The

creep

cavernshrinks.)This transientmecharcal pheromenm combneswith additioral dissolution

2.5.2 Additional Dissolution

Brine saturationpr theamount of saltthatcanbedissohedin a givenmassof softwater is anincreasiwg function
of fluid pressue. Whenpressurdouilds up at the beginning of thetest,additiona dissolutiontakesplaceto reach
thenew equilibrium saturation Becausé¢hebrinevolume is smallerthanthe sumof thevolumesof its compments
(saltandwater),dissolutionleadsto anetincreasen cavernvolume.Becausealissolutionis governedby diffusion
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Figure5: Transientcreepandadditional dissolutioneffects asobsered duiing a test[after Hugaut, 1983]. (A
pressuredrop (day 93) induces a large transientcavernshrinkaye rate, and a rapid pressue build-up (day 254)
induesa transientcavernexpansion.)

through the brine body, the new equilibrium is notreackedimmedately. Thekineticsof this phenanenonarenot
easyto descrile, asits effectsareintermingledwith thoseof transientreep.

2.5.3 Transient Permeation

We compued the relative brine-wolumelossrate, € p.,, Whensteady-statseepagdrom the cavernis reacted.
This steady-stateegime is precedd by a transientperiad during which the brine flow rateis muchhigher For
exampe, in aspheical cavernof radiusR,

: . R
= Eperm
perm /—ﬂ'khydt

whereky,q is the hydraulicdiffusiity, K = knya¢Bporen; ¢ is the porasity of salt,and(¢ = 10~2), andBpore is
porecompessibility (8,0re = 4 x 1071% Pa~'). Thecharactestic time of thetransientphaset"¥? = R2?/(rk)
inaV =100000-n? cavern,variesfrom 5 years(whenK = 102! m?) to 2 weeks(whenK = 1071% m?).

(4)

5

2.6 External Effects
2.6.1 Definition

In the following, “exterral effects” are definedasthe setof mecharmsmsdescribedabove, apartfrom the actual
fluid leak,whichtendto modfy cavernor brinevolumeandcontribute to the appaentleak:

A . . . -t -t
€ = Ecreep + Etherm + Eperm + €dis + Ecreep + EpeTm (5)

whereg is therelative cavernbrinevolumechangeate(at constahpressure)

Therelative importarce of thesevaiious phenanenadepeis uponcavernsize,depth,ageandtime (i.e., the
instantthe obsenration is madg.

e Inanold, deepcavern € = € .¢.p > 0 is thelargesttermin mary cases.

e Inayourg, shallov cavern ¢ = é;perm > 0 is thelargestterm.
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» Whenobsenations are madeimmediatelyafter the pressue build-up, ¢ = € 4i5 + €., < 0 is themost
significart term.

Thesecondusionshold for a cavity. For a small-diametegvell, the thermalequilibrium is reachedelatively
rapidly, andé ¢nerm is Negligible, asis .,

It mustberementeredthat, duringa nitrogenleaktest,the expectednitrogen leakrateis of the orderof @ =
0.5m? perday Theimportanceof “exterral factors”is seenclearly by consideing thethermalexpansioneffeds,
whichamouwntto Vé = 0.8m3 perdayin acavernwith V' = 500000m3.

2.6.2 Cavern Compressibility

Both the cavity andthe cavity brine are compessiblebodes: whenthe cavern brine pressue ( P;) charges, it
resultsin aninflow or outflow of brinefrom the cavity to thewell:

E'comp = _/8 Pi (6)

whereg is the caverncompessibility factor, typically 8 = 4 x 10 ~'° Pa~1. However, the compeessibility factor
canincreaserasticallywhenthe cavern contairs gaspoclets. A compgehensie discussiorof this canbe fourd

in Bérestetal. (199). Caverncompeessibility combneswith extemal effects;brineflow thatis expelledfrom the
cavernandthatenterghewell canbeexpressedis

Q=(c-8P)V 7)

3 THE FUEL-OIL TEST

3.1 Intr oduction

TheFuel-dl LeakTestis simplerthantheNitrogenLeakTest,but it is alittle lessdemanihg from the perspetive
of checkirg tightnessandhasseveraladwartages:

¢ Foragivencaverntestpressurefuel-al, whichis heavier thannitrogen involveslowerwell-headpressurs.
e Pressurevolution is recorced atthewell head.
¢ Nologgng tool is requirel, andtherecordng canbe perfamedcontiruouslyfor the durationof thetest.

e Gaudng thefuel-oil weightbeforeandafterthetestcanbeperfamedeasily

We will seein paragaph(3.3) thatdiscriminatingbetweertheactualleak(i.e., from thewell to theformatian)
andthe apparat leak (i.e., from the cavernto the salt formation) canbe acconplishedthrowgh a simple— but
accurate— method The only weaknes®f this testlaysin the high viscosity of fuel oil (whencompaedto the
viscosity of nitrogen), which impairstestaccuray. (In compaablecondtions, a gasleakis muchlarger thana
liquid leak)

In fact, fuel-all andnitrogenleaksthrough a poraus brine-saturatedormaion arenot easyto compare: fluid
flow is governedby suchphenanenaas capillary pressureand two-phaseflow in a porous medium which are
difficult to quantify precisely Wheninterpretirg a tightnesstest, volume lossis of primary interest. Assuming
Dargy flow (asomavha arguablehypothesis)the seepageolume flow ratecanbewrittenas

Q=7 grad ®)

whereK istheintrinsicpermealblity, n is thefluid dynanic viscosity andvolumetricflow is inverselyproportiond
to fluid viscosity For nitrogen,n = 2 x 10~° Pas; for brine,n = 1.2 x 102 Pas; for LPG,n = 1.3 x 10~* Pas;
andfor crudeoil, n = 10~2 Pas. In fact,flow mayoccurthroughchamels(e.g, atthesteel-cementr ceme-rock
interfaces.)Flow ratesthendeperl on suchfactorsasflow regime (Reynolds nunber),geonetry of flow path,etc.
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A tentative analysiscanbefoundin Goin (1983).

Whenthe massflow rateis consicered,the figurescharge: Crotogiro (19%) suggestshat, whencompmaringthe
flow ratesof viscous fluids to the flow rate of nitrogenfor similar pressurecondtions, the massflow rate must
be divided by 2 (LPG), 3 (gas-dl) or 10 (crudeoil). (Caverntemperéure andpressureare 300K and17 MPa).
Clearly, thisissueis opento discussion.

3.2 Field Test

During a field test,the well is equipged with a centraltubing of lengtha little longerthanthe lengthof the last
cementectasing.A smallfuel-oil columm is setin the centraltubing, andthe anrular spacds filled with fuel oil.
Thefuel-al/brine interfacein the annula spaceis locatedbelow thelast casingshoe(Figure4). Pressurés built
upto thetestfigure;then,the pressue evolution atthe well headis recodedversugime.
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Figure6: TheEz53cavern

Suchatesthasbeenperfamedon the Ez53cavern, a brinefilled cavernat the Etrezsite opeatedby Gazde
France.Thecaverndepthis 950m (Figure 6), andits volumeis V = 7500 m3 4 500 m3. Thewell wastestedin
1997199, 16 yearsafterit wasleachedbut; the brine thermal expansionwasthennegligible (€ ;xerm = 0), S€€
paragaph5.1, andthe as-measuredpered-caern creepwassmall (€ creep = 3 X 10~* peryear or V=22m
peryea)). Thefuel-oil leaktestwaspartof atestprogam,describedn Bérestetal. (200L), whichlasted500days.
Suchalongdurdion permitsextremdy accurée measuremntsto bemade:transieth externd factorsplay norole,
(‘é;)erm = édis = e’;:Zreep = 0)

In the following, the origin of time (day 1) is March 27, 1997. The completel well includes a 2445-cm
(9°/8 — in) cementedasinganda 17.78-cm (7-in) string.

Beforethetest,on March 20,1997 (day-7), a fuel-oil colurm wasloweredin the 17.8-cmx 2445-cm(7-in
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x 9°5/8-in) anrular space to a depthof h = 864.5 m, wherethe horizantal cross-sectiorareais ¥ = 5.7 I/m
(Figure7).

‘ Ground
1] 1 771338

7"19"%®

952 m
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846 m

H=928.87 m

964 m

Figure7: Ez53completio during thefuel-oil leaktest.

On Novenber 20 (day 238), the systenmwascompletedby loweringa smallerfuel-al columm into the 17.78-
cm (7-in) centraltubing, to an appoximatedepthof 9.5 m. (It would have beenbetterto have setthis second
columnbefoee the test.) The horizontal cross-sectio of the tubing is constantand appoximately equalto S
=21.1l/m. The monitoiing systemwasthencomgeted. However, following the appeaanceof leaksin days293
to 315, additiona fuel-al wasinjected(on March 10, 1998 day 348 into the centraltubing, which loweredthe
fuel-ail/brine interfaceto anappoximatedepthof 43 m. Well-headpressuesweremeasurd throudh Rosemout
pressurggauges (modé 3051 CG) with a resolutionof + 5 hPa anda maximum drift of & 3 hPa peryear At
the beginning of the test, the well-headanrular pressurgThe fuel-oil dersity is p ; = 850kg/m?.) is larger than
thewell-headtubing pressuréThe brine densityis p, = 1200kg/m?) by g(ps — ps)h =9.8x (12(0-890) x 864 =
3 MPa.

3.3 Relation BetweenWell-Head Pressuesand Leak Rates

It is essentiato be ableto distinguishbetween(1) leaksthrough the well-head (2) fuel-oil leaksthrough the ce-
mentedcasing,and (3) brine seepagehrowh the cavernwalls or otherexterral effects. Herewe areinterested
primaily in evaluating(2). In fact,the measuremant systemallows easycompaison of the various typesof leaks
(Figure8). Sucha systemwasfirst pragposedby Diamond(198) for the caseof awaterbrineinterface.

Let Ve reep bethecavernshrinkageratedueto saltcreepandVe .., bethebrineoutflow ratefrom thecavern
to therock massthrowgh the cavem walls. @ , is thefuel-al leakratethroudh the casing(or casingshoe),@ ; is
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thefuel-oil leakratethrouch the well head and@ ;, is the (upward) brineflow from the cavernto thewell. In the
absencef ary leak,Q, = @, + Q+ = 0. BrineseepagéV ¢ p.,,) from thecavernandcavernshrinkage(Ve creep)
geneatethe samepressuralrop rateor pressurebuild-up (P;) in the cavernaswell asin boththe annularspace
(P,) andthecentraltubing (P;) atthewell head.Let Q, = 0 andé = €.reep + Eperm IN (7):

Pi = Pa = Pt = (écreep + éperm) /B (9)

wheref is the cavern compressibility factor asdefinedabove. Brouad (1998) hasmeasued compessibility of
the Ez53cavernasappraimately 3V ~ 3 m3.MPa~!; in otherwords,brine seepagef 3 liters perdaywill lead
to apressuraroprateof 1 kPa perday.

® . Qt

Well-head
Well-head Well-head

pfessuer%s pressures pressures

......................... centra] .

Ceny, entral gy,

ral[llb, Cen[raltubm Lubing B
di .
difference ifference ‘ _difference __
Time Time Time

Figure8: Varioustypeof leaksandtheir effecs onwell pressures.

In the exanple providedin Figure9, during days112to 146, the averag pressuraroprateis P,= -869.70
Pa/dayin the annularspaceand P, = -86985 Pa/dayin the centraltubing; the two curves (pressuresersts time)
arethenalmostperfectly pardlel, proving thatseepagéakesplacein the cavernitself — in sharpcontrasto what
happensin the caseof a fuel-al leak. During this period, brine seepagdrom the cavern (or, moreprecisely the
differenceV (|€perm| — |€creep|) Detweerbrine seepagandcavern creep)is BV P; = 3 x 0.87 = 2.6 liters per
day Notethatvery smalloscillations(peiiod ~ 12 hous, amplitudex 5 hPa) canbe obsered onthetwo curves.
Thesecanberelatedto terrestrialtidal wavesandground-level temperatte changs. (Thecavernvolumechangs
every 12 hous and25 minutesby appraimately 10~7 dueto tidal waves. With the cavern conrpressibilityfactor
being3 = 4 x 10~* MPa!, tidal waves are resposible for pressurdluctuations of appoximately 250 Pa, a
figureconsistentvith the obsened oscillations.Furthernore, the daily atmosphéc tempeaturevariations, which
propagatea few metersdown the metallic tubes,are ableto warm up (or cool down) the well brine oncedaily,
leadingto lower brine densityand larger brine volumein the upper part of the well, both of which leadirg to a
smallpressue build- up.)
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Figure 10: Annular spaceand central-tiing pressurs duting a well leak. The two curvesare parallel before
day293andafterday315.

A fuel-al leak(Q;) from the centraltublngthrough thewell headwill producea similar pressurarop both
in the cavern andin the annuar space—i.e., P, = P, = —Q;/(8V). However, brine density (p, = 1200
kg/m?) is significantlylarger thanfuel-oil density(p; = 850kg/m?). A fuel-dl leakyieldsto an upward verti-
cal displacemenof thefuel-oil/brine interfaceand,therebre,to anadditioral pressue dropin the centraltubing,
P=pP - (p» — pr) 9Q:/ S, whereS = 21.1liters permeteris the centraltubingcross-sectiomrea.

A fuel-oil leak from the anndar spaceactsin the reverse: the pressue drop ratein the tubing is simply

P, = P;,—Q;/(8V),andis P, = P, — (py — py) 9Q./% in theannuar spacevhosecross-sectiois ¥ = 5.7 liters
permeter As awhole,whentakinginto account the cavernvolume lossrate:
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F')a — Vétherm + Véperm + Qa + Qt + Vécreep
P, A%

Of couse,when@, = Q; = 0 (noleak),thenP, = P; = (€ perm + Ecreep)/ B, asexplained above. (Vé iherm
canbedisrggardedduiing thedescribedest.)

— (v = pp) g- { %‘lg (10)

Figure 10 provides an examge of annularspaceandcentral-tuling pressurevariations as measuredhroud
gaweswith aresolutionof & 0.5kPa andplottedversustime. Betweendays290to 293 the differenceis fairly
constantln fact,thereis a smallnegaive difference( P, — P;) of appoximately-60 Pa/day Onday293,arapid
andseveredecreasef the pressuraifferenceakesplace— clearevidene of afuel-al leakthrowghthe central-
tubingwell head. The cumulateddifferentialpressue from day 293to day 314is 6P, ~ 21 kPa, which proves
thatthefuel-al leakduring this phases V, = SéP,/g(py — py) =21/0.17~ 124liters. Theinterfacehasrisenby
Va/S = 6 metersin the centraltubing. Onday 315 theleakwasrepaied. (Note thattheleakhadbeendetected
throughcurveobsenation befaebeingobsened in thefield.) Thepressurdifferenceemairedconstanafterward.

In conclwsion, this testprovedthatthefuel-al testcanbe extremdy accuate;whena nitrogentest(the more
comman testmethal) canna be performed(e.g.,whenthe well headis not ableto withstandpressuessuchas
thoseinvolvedin a nitrogenleaktest),thefuel-oil testis a goodalternatve. It is, hawever, probably lesssensitve
to tiny leaks.

4 NITROGEN LEAK TEST: THEORETICAL ANALYSIS

4.1 Principle of the test

TheNitrogenLeak Test(NLT) is probablythe mostpopular well-testmethod Nitrogenis mud lessviscousthan
liquid, allowing very smallleaksto be detected.In the NLT (Figure 4), the cavernis filled with brine (Stored
productsarewithdravn before thetest.)andpre-pressurizegothatthetestpressureanbereachedfternitrogen

is injectedin the annularspace.Whenthe nitrogen/brire interface reache mid-depth, a first interfacelogging is

perfamed. Then theinterfaceis loweredto its final position,belov thelastcasingshoein the cavity neck,where
thehorizontalcross-sectioX) range from oneto afew squareneters.Theadwantageof suchalocationis thatis

allows thewell anda significantpartof the cavernneckto betestediogetter. Onesignificantdrawvbackis thatthe
larger theX. cross-sectiorthesmallertheresolution. A downholetempeaturelog is runatthebeginningandatthe

endof thetestperiod which lastsa minimum of 72 hous. It is reconmendedhatthreeinterfacemeasuements
be perfamed:immedately afterthe nitrogeninjection; 24 houss later; and,last, at least24 houss afterthat.

The roughest(“naive”) interpretatian consistsof measuringthe interface depthvariation 6, duiing period
&. Takinginto accoun the horizortal cross-sectioal areaat interfacedepth,the nitrogen seepageate, m/p, is
assumedo be

mip=Q="5&/& (11)

A CH2M Hill report(1995) suggestshe following: “An exampleof interfaceresolutionon sensitivitymea-
surementsds givenin the following example An interfaceis observedo move upwad 3 feetin 20 daysunder
nearequlibrium conditiors (i.e., 0.15ft/day). Theaverage borehde diameteracrossthis interval is 8 feet(i.e.,
50.7 ft3/ft). Theefore, the average nitrogenleakrateis calculaedas:

Q = AV = (50.27 ft*)(0.15 ft/day) = 7.54 ft* /day”

In this exampe, sinceinterface-@&pthmeasurmentshave anaccurag of 15 cm, theresolution of themethod
is 1.5m3 perday. Thisrelatively poorresolutionis dueto thelarge cross-sectioal area Y, atinterface depth.

This naive interpreation, however, suffers from a morefundamentalflaw: it is assumedhatthe nitrogen leak

is the only factorableto leadto interfacedisplacemen— anassumptiornthatis misleadingaswill bediscussed
later A betterinterpretationconsistf takingtempeatureandpressurevariatiors into accourt
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wheredV, = X éh is thegas-wlumevariation Averagebrine andtemperatte variationscanbe measuredhrouc

pressurgemperatte logs, but theaccurag of thesemeasuremntsis oftennot betterthanthatfor measuringrol-
ume.

Onekey questionconcers the amount of leakagea cavern shodd be allowed. A clarifying point hasbeen
madeby Crotogiro (195) in arepat prepaed for the SMRI that wasbasedon compary respmses. Crotogno
males a distinction betweenthe Minimum DetectableLeak Rate (the measurem&-systemresolutior) andthe
Maximum AdmissibleLeak Rate.He suggestshatthetestbedesigmedin suchawaythatthe MDLR beone-thrd
of the MALR. The proposedMALR is 1 = 150 kg/day (or 270 m?3 per yearwhen pressureand temperaure
are,respectidy, 17 MPa and300K at caverndepth) Thiel (199) suggestedimilar figures: “... 160m?3/year
(10 bbls/year)maximums a minimumaccepabletestresolution’

In thefollowing paragaphs,we proposeatheoeticalanalysisof the NLT method(Bérestetal., 1995)to prove

thefollowing:

1. Interfacedisplacemat is not simply relatedto the nitrogen-seepgevolume asis assumedn the nave
interpretation.

2. Measurenentsof well-headpressuesallow a betterinterpretation,allowing a distinctionbetweemitrogen-
seepag effectsandextemal-factoreffects.

4.2 Theoretical Analysis
4.2.1 GasEquation of State

Nitrogenpressue distributionin theannuar-spacecolunm canbeobtainel easilythroughtheequilibrium equation
providedthatgaspressue atthewell head,P, (t) = P(z = 0, t), thenitrogenstateequation,p = p(P, T'), andthe
geotrermaltemperatte distribution, T' = T'(2), areknown:

dP/dz=pg (13)
wherez is the depthbelow ground level, P is thenitrogen pressurey is the gravity accelerationp is the nitrogen

density and P andp arefunctionsof z andt.

As afirst appraximation the nitrogen stateequationcanbe written as P = rpT', whereT is the (absdute)
geotlermaltemperatte, T = T, + Az. Then,

p._PL T._1 (g
Z=2_-Z=—(Z-A 14

» P T T (r ) (14)
Now, g/r = 3.3 x 10~2 °C/m, andthe geothemal gradentis A ~ 3 x 10~2 °C/m. In otherwords,only asmall
erroris introdwcedwhenassuminghe gasdensityto be uniform alongthewell:

p(z,t) = x Py(t) (15)
whereP, is the gaspressuraneasurect the well head. This assumptiorconsideraly simplifiesfurther calcula-
tions; a more precisedescriptim of gas-pressurdlistribution in thewell caneasilybe obtaired usinga computer
(Brouad, 1998.

4.2.2 Pressue Equilibrium

Let h betheinterfacedepth At thenitrogen/brire interface, the brineandnitrogen pressurespftenreferedto as
thetestpressurepP;,,;, areequal.Let P, bethebrine pressurasmeasureatthewell headin the centraltubing:

Py(t) + ppgh = Py(t) + pgh = Py (16)
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4.2.3 GasMass

Let h, bethe interfacedepthat the beginning of the test (after the initial pressurebuild-up). X is the anrular
cross-sectiot interfacedepth,andV 7 is theinitial gasvolume (when h = h,). The gasmasscontairedin the
well canbewrittenas

m=p [Vy+Z(h—h,)] (7)

4.2.4 External Factors

Let €V be the cavernbrine volume increae rate dueto exterral factos. The cavernvolume changecauseddy
pressuréuild-up is BV P;, whereg is the caverncomgessibility factor Then,theinterfacedisplacenent(h < O
whentheinterfacerises)is (seeparagaph2.62)

Sh=-Qy= (B8P -&)V (18)

4.2.5 Barometic Effect

Equations (15) throwgh (18) illustratethe relationbetweerthe nitrogenleakrate(rn < 0), theinterfacedisplace-
mentrate(h) andtherelative brine-wolumeandcavernvolume chamge (¢) dueexterral factos (e.g.,brinetherma
exparsion):

m . Vo + 2(h— hy)
—=Ch 4 ¢ 19
Lp X (L+ kgh)pBT © (19)
wheie C, thebaronetric coeficient,is:
Ve+3S(h—nho)| [X/(BV -
014 X V30— ho)] [2/(BV) + (oo~ p)g] 20)

(1 + xgh)px

It shouldbe noticedthat, evenwhenthereareno extemal factorsinfluercing interfacedisplacemets, the ap-
parer leak (or £h) is notequal to theactualleak (ri/ p), in sharpcontrast to whatwas(incorrectly) suggestedy
formula (11).

Theratio betweenthe actualleak andthe appaentleak, or C, is largerthanl: a naie interpretationof the
nitrogenleaktestuncerestimategasseepag. This effect canbeexplainedsimply. Theinterfaceriseincreaseshe
weightof the anndar-spacecolumn(which, at thetime, contairs lessgasandmorebriné), leadingto a smallin-
creasen cavernvolume.This causesheinterfaceriseto belessthanif thecavernandcavernbrinewereperfectly
stiff bodes. This effea hasbeencalled“barometric”, asit is similarto aneffed obsevedin a mercuy baraneter;
it is larger whenthe anrular cross-sectioif¥) is small. It is alsoobseredthat, evenwhenno gasseepagéeakes
place(n = 0), thenitrogen/brineinterfacemovesdueto the otherphenanenalistedabore.

For illustration, it is useful,hereto give someordersof magritudes.Let y = 11.5kgm—3 MPa™!, p = 200kg
m-3, pp =120 kgm 3,9 =10ms 2, h =100 m, andV,;” = 20.9m?>. Thereareno exterral effects,¢ = 0, and
theactualnitrogenleakis 7n/p = 1 m? perday. Thecavernvolumeis V' = 50,000 m?, andBV = 20 m* MPa™ .
Thefollowing two extreme casesnustbedistinguishé.

¢ Thenitrogen/brineinterfaceis locatedin the cavernneck wherethe cross-sectiofs large— say ¥ =5m?2.
Then

o

xVy

Cr~1+
pBV

=1.06

andthe baranetric effect is small. Corversely, theinterfaceriserateis i ~ 0.2 m/day— i.e., of the same
order of magnitude asthe interfacemeasuremntresolution. Only arelatively long test(10 daysor more)
will allow theactualleakto beestimatedcorrectly
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e Thenitrogerbrineinterfac is locateda few metersbelow thelastcementedasingshoe wheretheanrular
cross-sectioal areais small(e.g.,X = 2 x 102 m2.) Then,

Ve —
Cm1+w:1_6
pE

4.2.6 RelationsBetweenPressue and Leak Rate

For a simplerinterpetation,we assumeateron thatthe annula cross-sectiois constanfrom ground level to the
interfacelocation,X = S, andVgo = Sh,.

It is now easyto link the nitrogen leakrate (), the cavern-brine volume charges(e) andthe interfacedis-
placemetrate(h) to thebrine (B;) andnltrogen(P ) pressurevariatiors asobseredat growund level:

( .
. pS : : P,
m=—"""_ [P, — P+ hpyg=2
glp—p) \OT T Pg)
. ﬂljznt - - Pg
Q é=—L"m 11 —C)B, - By) + hi(pp — Cp)g=2 21
a(n = ) ( )(Py = Py) + h(ps p)ng (21)
. 1 .. P
h=—— (B, — P, + hpg=2
[ 9l —») (g ' ngg)

whereP;,; is nitrogen/bime interfacepressure.

It is reasonale to assumen < 0 (gas seepage A smallamouwnt of gas canbe producedin somesaltforma-
tions, but a large productionof gas(which would mix with the injectednitrogengas)is unlikely. The following
threedomainsin the(Pg, Pb) planecanbedistingushed(seeFigurell).

1. Inthlsdomalnthemterfacenses(h < 0)ande > 0. (Thernal expansionor caverncreep playsasignificart
role) Notethatwecanha/eP >0,P, >00rP, >0, P <0orP, <0, P <0.

2. In thisdomain theinterfacerises(i < 0), buté < 0. (Factos suchastransientreepor brine perneationto
therock massplay asignificantrole.) Here, P, < 0 andF, < 0.

3. Inthisdoman, theinterfacemovesdown (4 > 0) dueto largetransiem creepor brine permeatio evenwhen
gasseepdrom the casing(rn < 0). This casehighlightsthe erroreousconclwsionsthatcanbedravn from

anaweinterpretatio.
; med h=0
leak =
t] <0 (noleak) (no interface displacement)
£€>0

1)

O'-U.

£=0
(no "external effects")

.
PQ

\
(2)&
(3)

m >0

Figure11: Differert evolutions of well-heal brine pressurd P) andgaspressure{f?g). Notethata nitrogen leak
(rh < 0) cancoexist with a nitrogen/brire interfacedrop (h > 0).
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4.2.7 Accuracy

It is relatively easyto measuregasand brine-gesurevariatins (0P, and dP) with an accuagy of 1 kPa; the
resultingaccurag oninterface displacenantis 0.2m = 20cm, whichis similarto loggng-tod accuacy (2x15cm
=30cm).

5 NitrogenLeak Test

5.1 TestDescription

In order to validatethe theoretich analysisdevelopedabove, a nitrogenleak testwasperfomedin March-April
1996 0on the Ez53 cavern describedabove (Bérestet al., 1999. This 950-m deep,relatively small (750 m 3 +
500m?) cavernhadbeenleachedoutin 1982 14 yearsbefor thetestdescriled belon. Thermal equilibium was
believed to have beenachievedin this cavern basedn a geotlermalprofile perfamedin Februay 19%. Further
more,variows tests,includng the Fuel Leak Testdescrited above (Bérestet al., 2001), hadbeenperformedin this
cavernor in neightouring wells (Hugaut, 1983; Durup, 1994), providing a goad knowvledgeof thevariows aspects
of this cavem’s behaiour.

The objective of this testwas not to verify the well tightnesson the Ez53 cavem but, rather to validatethe
testmethod Testconditilms weresuchthataszeroleakag could be expectal. The brine-nitrogen interfacewas
loweredto the well's mid-depth (not to well bottom as shouldhave beendore in an actualtightnesstest). At
suchadepth gasis confinedin the dowble-casedipper partof thewell, wherelarge amounts of seepagarevery
unlikely (seeFigurel2).

NITROGEN [ |
~1 M ground
-446 md S
BRINE
-842 m

Figure12: Testdevice for MIT performedonthe Ez53cavern

Artificals leakswere simulatedby withdraval or injectionof calibratedamounts of brine or nitrogenthrouch
the well head. The conairrentpressurevariatiors were measuredt the well head,andinterfacedisplacemets
weretrackedthrougha (y — v)-logging tool. Predictednterfacedisplacemat andpressue variatins (usingEqua-
tions21) werecomparedto measuredalues.

On Februay 29, 1996 the nitrogen/brire-interficedepthwas measuredis h = 3995 m usingthe (y — «)-
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logging tool. Thewell thenremaineddle until March 13. During this two-weekperiad, gaspressue decreased
from 7.57MPato 7.30 MPa, anda tiny nitrogenleakfrom the annudar spaceto the centraltubing wassuspected.
(It is interestingto noticethat no leaktook placeduring the earlier 13+year period whenthe annularspacewas
filled with fuel oil, whichis significantlymoreviscousthannitrogen) It wasdecicedto vert the nitrogenin the
centraltubing. This wasdore on March 13 andMarch 18. Thenitrogenleakfrom the annula spaceo the tubing
wasestimatedo be smallandto have little influerce during thetests.

Pressurandtemperatug profilesweremeasuedon Febriary 22 andMarch 18; they provedthatwell temper
atureswereidenticalfor thesetwo periods, € ¢perm = 0.

Thetestproperly beganon March 20. Cavern pressureemaine roughy constanturinga one-nonth period
before the test; it washoped that this resultin transientcreep,transientpermeatio, and additioral dissolution

effectshaving negligible effeds atthe beginning of thetest(¢%,..., = €dis = €berm = 0).

OnMarch20,1996 smallamourts of brineor nitrogenwereinjectedandwithdravn; thewithdravn orinjected
amountsof fluid werethorougHully measued,andconcurentpressurevariatiors wereobseved. Beforeandafter
eachinjection or withdrawal, the interfacepositionwas measurd with the (v — v)-logging tool, which record
the amoun of electronsreflectedby the fluid behind the steelcentraltubing. A sharpcontast betweenbrine
andnitrogenwas expected. The sweepingrate of the tool wasappoximately2 metersper minute,anda 10-cm
resolutionwas expeded. In fact, dueto the small annularcross-sectioff = 1.47 x 10 2 m?), tool accuray
provedto bepooker (6h =~ 50 cm).

5.2 TestResults

In orderto simulateleaks,brine or nitrogenwas injectedandwithdravn at the well head. Brine volumeswere
measuredhrough a flow meterwith anaccurag of 0.5 liter; nitrogen massesvere computedby measurig the
pressureandtemperatte in the nitrogenvesselshefae andafter eachinjection or withdrawal of nitrogen. The
exactnitrogenstateequatiom (Air Liquide, 1997) wastakeninto account.

Tablel providesinformationon the NitrogenLeak Testat the Ez53cavern: h is theinterfacedepthmeasured
throwgh thelogging tool; P, and P, arebrine pressureandgaspressureasmeasuredn the centraltubing andin
theanndar spacerespectiely; andAV andAm aretheinjected(+) or withdravn (-) amouts of brineor nitrogen.

| [ Brine injection | Brine Withdrawal | Nitr ogeninjection | Nitr ogen withdrawal |

h before(m £0.2) 3823 3795 3819 3858
F after (m £0.2) 3795 3819 3858 3821
P, before(MPa £0.025) 3.066 3.151 3.060 3.082
P, after(MPa £0.025) 3133 3.084 3.082 3.065
P, before(MPa £0.050) 7.057 7119 7.062 7114
P, after (MPa £0.050) 7.095 7.084 7.116 7.065
AV (liters £0.5) +200.0 -200.0 0 0
Am (kg £0.1) 0 0 +9.20 -8.09

Tablel: Measuremantsmadeduring the NitrogenLeak Teston Ez53

5.2.1 Barometic Effect

Theinjectiors andwithdrawals of nitrogenallow the so-calledC factorto be measuredthe gasdensityis com-
putedfrom the gaswell-headpressurep = x P,, x = 115 kg m~—® MPa™!; the nadve gas-seepagestimation
(roughly dedcedfrom interfacedisplacenent)is compaedwith theactualwithdravn nitrogenmasg(Table2).

The( factor ascompuedfrom (20), is C =1.9whenthefollowing figuresareaccepted:

x =115kgm 3. MPa* h,~380m Ve ~6,8m? Y~ 1.47 x 1072 m?
py ~ 1181 kg.m™3 Py~ 86.5kg.m™3 BV ~292m*MPa ! g=9.81ms?

Thecompued C-factoris in goad agreemat with theobsenred value(seeTable?2).
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| Nitr ogenwithdrawal | Nitr ogeninjection |

Nitrogenmassvariation Am measured (kg) -8.09 +9.20
Averagedensityp, (kg/m?) 86.8 86.1
“Naive” interfacedepthvariationAh = Am/(Xpg) (M) -6.3 +7.3
Measured interfacedepthvariation(m) -3.7 3.9
As measured’-factor 6.3/3.74.7 7.3/3.94.9

Table2: Comparisorbetweeractualleakandappaentleak- Barometriceffect.

5.2.2 Prediction of interface displacementand fluid seepagevolumes

Equations (21) allow to conputethe interfacedisplacemets, the nitrogen-mas variatiors andthe brine-volume
variatiors whengas-andbrinepressurezariationsareknown. Table3 gives the computedandmeasuredigures.

Bri neinjection Bri ne withdrawal Nitr ogen injection Nitr ogenwithdrawal
compued | measured || computel [ measured|| computel [ measured || compued| measured
AP, (kPa) +60 +67 60 67 +19 22 17 17
AP, (kPa) +34 +38 35 35 +56 +54 49 49
Ah (m) -2.54 -2.84+0.2 +2.97 +2.440.2 +3.20 +3.940.2 -3.19 -3.7+0.2
AV (I) +224 +20040.5 -231 -200+0.5 +14 0 -0.4 0
Am (kg) -0.09 0 +1.01 0 +8.50 +9.20+0.1 -8.13 -8.0940.1

Table3: Comparisorbetweercompuedandmeasuredalues.

A reasonale agreenentis metbetweeras-measureltaksandcomptedleaks,which provesthatgasseepage
ratesand/a exterral effectsratescanbe correctlybackcalculatedfrom well headpressurevariations, provided
thesevariatiors areaccuatelymeasured.

5.3 Conclusions

This testmaybethefirst attemptto validatethe Nitrogen Leak Testmethal. Thefollowing two maincorclusions
canbedrawvn.

1. It is possibleto detectrelatively smallbrine or gasleaks(200 liters and8 kg, respectiely) andto measure
themwith anaccuagy of + 20%throudh boththe interfacedisplacemenandpressuresvolution measure-
ments. This accurag was achiered by locatingthe fluid-fluid interfacein a relatively nariow part of the
anrular space.

2. Back calculationof interfacedisplacemen(whenwell-headpressues evolution is used)requres precise
mathenaticalformulations,but it suppots (at very low cost)the resultsof theinterface-dsplacementmea-
surenentobtairedby usingthelogging tool.

CONCLUSION

Saltcaverrs provide oneof the safestanswerdo the problemof storinglarge amounts of hydrocarlmns. In most
casesfrom anengireeringperspecitie, thesaltformationitself canbecorsideredasbeingperfectly tight. Thereal
prodem is the “piping” — i.e., the cementedvell thatlinks the cavem to ground surface. A correctwell design
(ancloringthelasttwo cementeatasingdn the saltformation) preventsmostlaterprodems,but full-scaletesting
is necessaryo build confiderrein storagetightness.Severaltypesof testsareavailable,andmisinterpréationis
possible asreal cavernsaresubjectto various pheromenathatcanblur the significanceof the obseved evolution

of apressurized¢avernduring atest. We have attemptedo prove thattestscanbe performedin suchaway thata
high degreeof accurag is achiesed, leadingto moreconficencein testresults.Thesemethals couldbeappliedin

otherfields of undergroundusewhentightnesss animportantobjective.
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